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Abstract-A faulted phase in fault-tolerant permanent-magnet brushless machine can result in significant torque ripple. However, this can be minimized by using an appropriate optimal torque control strategy. Inevitably, however, this results in significant time harmonics in the phase current waveforms, which when combined with inherently large space harmonics, can result in a significant eddy-current loss in the permanent magnets on the rotor. This paper describes the optimal torque control strategy which has been adopted, and discusses its effect on the eddy-current loss in the permanent magnets of four-, five-, and six-phase fault-tolerant machines.
Index Terms-Brushless machines, eddy currents, losses.
I. INTRODUCTION

F
AULT-TOLERANT permanent-magnet brushless ac machine designs differ significantly from conventional brushless machines, in that their phase windings are essentially isolated magnetically, thermally and physically. Thus, their fault-tolerance is significantly higher, a major consideration for safety-critical aerospace applications, such as fuel pumps [1] and flight control surface actuators [2] , as well as applications in other sectors. However, in such fault-tolerant machines, the stator magnetomotive force (MMF) has fewer poles than the rotor permanent magnets. Therefore, torque is produced by the interaction of the rotor permanent magnets with a higher order stator MMF harmonic. The fundamental and lower order MMF harmonics can then give rise to significant rotor eddy currents, which can be minimized by employing multiple magnet segments per pole [3] . Further, a faulted phase, open-circuit, or short-circuit can result in a large torque ripple, which can be minimized by adopting an appropriate torque control strategy [4] , [5] . However, this often results in significant time harmonics in the phase current waveforms. When combined with the inherently large lower order stator MMF space harmonics, this can result in a significant increase in the rotor eddy-current loss.
The paper will describe the optimal torque control strategy, which the authors have adopted for fault-tolerant brushless machines, and its effect on the eddy-current loss in surface-mounted rotor permanent magnets, of representative four-, five-, and six-phase machine designs ( 
II. OPTIMAL TORQUE CONTROL
A fault on one phase of a fault-tolerant brushless machine can result in a large torque ripple, which depends on the type of fault, viz. open-circuit or short-circuit, and the output torque . Optimal torque control aims at achieving a ripple-free electromagnetic torque under both healthy and faulted conditions with minimum stator copper loss. For a healthy -phase machine constant.
(
For an -phase machine in which phase is faulted constant.
In both cases, the copper loss is required to be as low as possible, i.e., minimum
where is the phase winding resistance, and and are the instantaneous ratio of the phase electromotive force (EMF) to the rotor speed and the instantaneous phase current, respectively.
is the instantaneous torque developed by the faulted phase . Thus for an open-circuit fault for a short-circuit fault (4) where is the short-circuit current in phase . The required current waveforms in the healthy phases are obtained by minimizing the augmented objective function with a Lagrange multiplier . Thus where, for an -phase machine with a faulted phase . The function must satisfy and (
Again, for a machine with a faulted phase . Therefore, from (5) and (6), the instantaneous phase current waveforms in the healthy phases are given by (7) where , for a machine with faulted phase . Further, in practice the magnitude of the instantaneous phase current is usually subject to a current limit . Depending on the demanded output electromagnetic torque and the fault condition, the instantaneous current demands of phases could exceed the current limit. In this case, the process of determining the optimal instantaneous currents may take several iterations. Therefore, if the instantaneous current demand of phase exceeds the current limit, its current is clamped to (8) where " " applies if the current demand of phase is positive, and " " applies if it is negative. The torque contribution from the phases is then given by
where " " applies if the current demand of phase is positive, and " " applies if it is negative. The remaining phases are treated as a separate subset, and their current demands are determined by the same optimization method so as to satisfy the new torque demand . The new current demands are then given by (10) Again, the new current demands are checked to ensure that none exceeds the specified current limit. If, however, the current demand of one or more phases from the new subset exceeds the current limit, the process is repeated until all the current demands satisfy the current limit constraint. Fig. 2 shows the back-EMF waveforms of the four-, five-, and six-phase machines shown in Fig. 1, whilst Fig. 3 shows the phase current waveforms, which are required to produce ripple-free rated electromagnetic torque with minimum copper loss, when the machines are healthy. The associated copper losses are 0.96, 0.94, and 0.83 pu of the copper losses, which would result without optimal torque control (sinusoidal phase current waveforms). Figs. 4-6 show the phase current waveforms, which result in a ripple-free rated electromagnetic torque with minimum copper loss when a phase is short-circuited, for the four-, five-, and six-phase machines, respectively. It can be seen that for all machines the required peak phase current would exceed the peak short-circuit current, being 1.5 times the peak short-circuit current in the case of the four-phase machine.
Further, Fig. 7 shows the variation of the copper loss with the mean electromagnetic torque when a phase is short-circuited, from which it can be seen that whilst the torque-ripple with a short-circuited phase winding can be eliminated by optimal torque control, this can result in a significant increase in stator winding copper loss. However, it should also be noted that the increase in copper loss should not compromise the thermal rating of the machines, since it is only about 0.05 pu at the rated electromagnetic torque, for the four-phase machine, which exhibits the highest increase in copper loss.
III. EDDY-CURRENT LOSS IN ROTOR PERMANENT MAGNETS
As will be evident, optimal torque control can result in relatively large time harmonics in the stator phase current waveforms, which when combined with stator MMF space harmonics could lead to a significant eddy-current loss in the rotor mounted permanent magnets. The four-, five-, and six-phase machines are equipped with sintered Sm Co permanent magnets, which have a relatively large electrical conductivity. The eddy-current loss in the magnets has been deduced from a series of two-dimensional (2-D) time-stepped, moving boundary, finite-element analyses, assuming the permanent magnets to be electrically conducting but to have zero remanence. Thus, they do not account for the eddy-current loss component, which would result from the variation of the magnet working point, due to the effect of stator slotting. Tables I-III show the effect of the type of fault and the stator current waveform/control strategy on the eddy-current loss of the permanent magnets, for the four-, five-, and six-phase machines, respectively. It can be seen that the eddy-current loss in the permanent magnets is influenced significantly by both the type of fault and the torque control strategy.
IV. CONCLUSION
An optimal torque control strategy for fault-tolerant permanent-magnet brushless machines has been presented. It has been shown that the adoption of a torque control strategy to minimize torque ripple under open-circuit and short-circuit fault conditions may lead to a significant increase in the eddy-current loss in the permanent magnets of such machines.
